Individuals at the expansion front during a climate-driven range expansion are expected to differ phenotypically from those individuals in core populations. Little information is known about the joint, potentially opposing, effects of stressful conditions at the range edge versus evolutionary changes that take place during range expansion in shaping the phenotypes at the range front. We investigated the effect of range expansion on immune function, body condition and flight-related morphology (flight muscle ratio, wing loading, and wing aspect ratio) of field-collected females of the poleward-moving damselfly Coenagrion scitulum. Individuals at the expansion front had a lower body condition, which indicated more stressful conditions at the range edge. Despite the counteracting effect of the shorter growth season, the higher flight muscle ratios at the expansion front indicated a strong selection for dispersal ability during range expansion. The current study suggests that models need to incorporate the interplay of stressful conditions and evolutionary processes at the expansion front to arrive at robust predictions of future species distributions under global warming. © 2014 The Linnean Society of London, Biological Journal of the Linnean Society, 2014, 112, 556-568. ADDITIONAL KEYWORDS: body condition -dispersal -flight morphology -immune function -Odonata -spatial sorting -stressful conditions.
INTRODUCTION
Many species are currently shifting their range poleward triggered by climate change (Hickling et al., 2006; Chen et al., 2011) and this change has been suggested to be a more common adaptive strategy relative to local adaptation in response to changed local conditions (Davis & Shaw, 2001 ). Individuals at the expansion front may be expected to differ phenotypically from those in core populations for two reasons. Firstly, local conditions at the range edge are expected to be more stressful compared with the species range core , which may influence phenotypes in populations at the edge of the range. Secondly, species that are tracking climate change are expected to undergo evolutionary changes promoting faster range expansions (Travis & Dytham, 2002; Phillips, Brown & Shine, 2010) . Both mechanisms may affect a wide array of traits, and this effect may be potentially in opposite ways (Kubisch, Holt & Poethke H-J, 2014) , asking for empirical studies to document the outcome of this interplay between local conditions and evolutionary processes at range edges.
More stressful local conditions at the range edge may result in phenotypic differentiation between core and at edge populations. Range limits are shaped by a complex interplay of limiting abiotic and biotic factors (reviewed in Gaston, 2009 ) with conditions at species range edges assumed to be more stressful than those conditions in core populations . Time stress induced by the shorter growth season may be expected to be close to the species physiological limits at the northern range edge. Populations at higher latitudes typically evolve faster life histories to counteract the effect of the reduced length of the growth season (Conover & Schultz, 1995) and this effect can trade off with investment in other traits such as immune function . Moreover, a smaller size is expected in populations that have shorter growth seasons if animals are unable to compensate fully the shorter growth season by faster growth (Blanckenhorn & Demont, 2004; . Stressful conditions at range edges have been linked to poorer body condition (Pitt, Lariviere & Messier, 2008; Busch et al., 2011) and this situation may impair investment in immune function and make individuals more susceptible to parasites at the range margins (Briers, 2003) and potentially reduce the investment in costly flight muscles (Plaistow & Siva-Jothy, 1999) .
Theoretical (e.g. Travis & Dytham, 2002) and empirical studies (reviewed in Hill, Griffiths & Thomas, 2011) indicated the evolution of increased dispersal ability during range expansion irrespective of the local environmental conditions, thereby also inducing phenotypic differences along the axis of range expansion. Evolution of higher dispersal abilities during range expansion may result from in situ natural selection at the range edge (Travis & Dytham, 2002) and from spatial sorting in dispersal ability whereby the dispersive phenotypes accumulate at the expansion front (Shine, Brown & Phillips, 2011) . While several studies have documented changes in locomotory morphology (e.g. Hill, Thomas & Blakeley, 1999; Phillips et al., 2006) , less attention has been given to changes in other fitness-related traits. Body size, body condition, and energy reserves may affect the ability of individuals to undertake and accomplish dispersal (Benard & McCauley, 2008; Dockx, 2012; Kaufmann, Reim & Blanckenhorn, 2013) . Dispersers are often larger (Anholt, 1990; Michiels & Dhondt, 1991) or in better body condition than residents (Sundström, 1995; but see Bonte & De La Peña, 2009 ). Furthermore, selection for a high investment in immune function to lower parasite load may occur through the negative effect of high parasite load on dispersal ability (e.g. Goater, Semlitsch & Bernasconi, 1993; Bradley & Altizer, 2005; Nagel, Zanuttig & Forbes, 2010) . In support of this scenario, longdistance migration in the monarch butterfly Danaus plexippus has been shown to weed out individuals that have been infected with the protozoan parasite Ophryocystis elektroscirrha and that have reduced flight ability (Bradley & Altizer, 2005) , resulting in low parasite loads in the furthest migrating butterflies. Protozoan parasites, such as gregarines, are common parasites in Odonata .
Here we investigate the interplay of the two potentially opposing mechanisms -suboptimal local conditions and evolutionary processes -in shaping phenotypic differentiation in body condition, immune function, and flight-related morphology at the expansion front of a currently range-expanding damselfly. Odonata are one of the taxa that show the strongest climate-driven range shifts (Hickling et al., 2006) and are suggested to be ideal model organisms to investigate the effects of climate change (Hassall, Thompson & Harvey, 2008) . We reconstructed the number of degree-days available for larval development in the replicated edge and core populations studied in order to disentangle the contributions of the length of the growth season at the range edge and evolution during range expansion on trait differentiation.
MATERIAL AND METHODS

STUDY SYSTEM AND COLLECTION
Coenagrion scitulum (Rambur, 1842) is a Mediterranean damselfly that prefers small ponds (Dijkstra, 2006) . Up to the 1990s the northern range limit was situated in northern France, after which time a northeastward range expansion has occurred (Wasscher & Goudsmits, 2010; Swaegers et al., 2013) . In 2010, the northernmost limit of the expanding range margin was situated in the southern parts of The Netherlands, and the north-eastern limit in western Germany (Wasscher & Goudsmits, 2010) . We studied three core populations located in France (C1, C2, and C3) within the historical distribution of the species and four edge populations located in Germany and The Netherlands (E1, E2, and E3) that were founded less than 4 years before sampling (Fig. 1) . A genetic study based on microsatellite markers has indicated that a major mechanism of range expansion in this species is through stepping stone colonization (Swaegers J., Mergeay J., St-Martin A., De Knijf G., Larmuseau M.H.D, and Stoks R., unpublished data). Long-distance dispersal events also play a role as suggested by the presence of new populations at the expansion front at a large distance from the nearest population (e.g. Weihrauch et al., 2011) . The contribution of stepping stone colonization to range PHENOTYPES AT THE EXPANSION FRONT 557 expansion may indicate that differentiation between populations is dependent on the geographical distance between the populations. For this reason, we performed linear regression analyses to test the effect of the shortest Euclidian distance of the populations to the historical north-eastern range edge (negative distances for core populations and positive distances for front populations beyond the historical range edge) on the measured traits. Analysis of the data by categorizing populations as core or edge populations did not change the conclusions.
Note that edge population E2 consists of two breeding ponds that are close to each other (Euclidian distance of 6.5 km). Individuals from these two breeding ponds were pooled as gene flow may occur frequently between these two breeding ponds. Analysis of the data whereby the two closely located breeding ponds are considered as two independent populations does not change the results.
We focused on females because evolutionary changes may be more evident in females than in males in response to range expansion (Hughes, Dytham & Hill, 2007) and habitat fragmentation (Hanski et al., 2002) . This outcome is expected because the primary function of movement in males is mate location. In total, 117 females (sample size per populations: C1: 19, C2: 19, C3: 19, E1: 19, E2: 21, E3: 20) were collected during June to July 2010. We ensured that only sexually mature adult females were collected by catching females that were sexually active at their breeding pond. Females were individually flash frozen in liquid nitrogen at −196°C directly after collection. Animals were transported to the laboratory and stored at −80°C until further analyses. For all females we quantified immune function [phenoloxidase (PO) activity] and the conditionrelated and flight-related traits except for traits measured on the wings. Eight wings of females from population E2 were not measured due to sample loss and only females with at least one undamaged hind wing were used, resulting in the wing measurements of 77 females (C1: 15, C2: 12, C3: 17, E1: 9, E2: 10, E3: 14).
ASSESSING IMMUNE FUNCTION
Immune function was quantified by recording the activity of PO in the females. Phenoloxidase is a key component of insect immune function and catalyses melanin formation, used to encapsulate foreign objects and thereby produces quinine intermediates, cytotoxic superoxide anions, and hydroxyl radicals that participate in pathogen destruction (González-Santoyo & Córdoba-Aguilar, 2012). We measured the activity of PO using the protocol of . We first removed wings and legs and separated the head, thorax, and abdomen using scissors. Haemolymph was obtained by flushing the thorax with 0.3 mL cacodylate buffer (0.01 M C 2H6AsNaO2, 0.005 M CaCl2; syringe: 1 mL, needles: 0.4 mm × 19 mm) and was stored directly on ice. To analyse total PO activity, 100 μL haemolymph and 5 μL α-chymotrypsin (0.20 M) were added to a well of a 96-well plate. α-Chymotrypsin catalyses the transition of the proenzyme proPO to PO. After 5 min, 60 μL L-DOPA (0.010 M) substrate was added. We monitored the transition from L-DOPA to dopachrome by recording the increase in absorbance at 490 nm in a spectrophotometer at 30°C. The reaction was allowed to proceed for 30 min and readings were taken every 10 s. Enzyme activity was measured as the slope during the linear phase of the reaction. The haemolymph volumes obtained by flushing the thorax may be variable and independent of animal size (Ruiz-Guzmán et al., 2013) . We quantified the protein concentration of the haemolymph sample using the method of Bradford (1976) to adjust PO activity for possible variation in the obtained haemolymph volume. Phenoloxidase activity and protein concentration of the obtained haemolymph were quantified in duplicate and the mean of both readings per sample was used for the statistical analyses.
CONDITION-RELATED AND FLIGHT-RELATED TRAITS
We quantified two condition-related traits (fat mass and dry body mass) and three flight-related traits (fatless flight muscle ratio, wing loading, and wing aspect ratio), based largely on protocols described in Swillen, De Block & Stoks (2009) . In insects, individuals with a greater flight ability generally have a relatively higher investment in thoraces and flight muscles, have wings with higher aspect ratios, and have lower wing loadings (Berwaerts et al., 1998; Berwaerts, Van Dyck & aerts, 2002; Berwaerts & Van Dyck, 2004; Schilder & Marden, 2004) . Theoretical (e.g. Travis & Dytham, 2002) and empirical studies (reviewed in Hill et al., 2011) indicated the evolution of increased dispersal abilities during range expansion. A higher investment in flight muscle mass, a higher wing aspect ratio, and a lower wing loading have been observed in individuals at recently colonized range margins in line with this expansion, (Hill et al., 1999 (Hill et al., , 2011 Hassall et al., 2008) .
Thoraces and abdomens were placed individually in Eppendorf tubes and weighed to the nearest 0.01 mg using a microbalance after being dried for 48 h at 60°C. Body mass was calculated as the sum of dry masses of thorax and abdomen. Subsequently, fat was extracted by adding 1.5 mL dichloromethane (99%) to the Eppendorf tubes, which were placed for 24 h on an automatic shaker. Thereafter, the dichloromethane with the dissolved fat was removed and the body parts were dried for another 48 h at 60°C and weighed. Fat content was calculated by subtracting the dry mass after fat extraction from the dry mass before fat extraction. We added 1.5 mL NaOH (0.35 M) to the Eppendorf tubes that contained the thoraces and abdomens to break down all muscle tissue, and placed the tubes on a shaker for 24 h to obtain the exoskeletons of thorax and abdomen. Thereafter, the NaOH with the dissolved muscle tissue was removed and the exoskeletons were dried for 48 h at 60°C and weighed (Marden, 1989) . Exoskeleton mass was defined as the sum of the mass of the exoskeletons of thorax and abdomen. Flight muscle mass was obtained by subtracting the dry exoskeleton mass of the thorax from the dry fatless thorax mass. We calculated the fatless flight muscle ratio (FMR) as the ratio of the flight muscle mass/fatless body mass (Marden, 1989) .
To quantify the wing loading and wing aspect ratio we measured the length and area of the left hind wing. The right hind wing was measured if the left hind wing was damaged. We chose to perform the measurements on the hind wing as larger proportions of front wings were damaged. Furthermore, Johansson, Soderquist & Bokma (2009) suggested that the shape of the hind wing may be more important for long-distance flying than the shape of the PHENOTYPES AT THE EXPANSION FRONT 559 front wing, as differences in wing shape between migratory and non-migratory Odonata were more pronounced in the hind wing compared with the front wing. Wings were placed on a 1 mm calibration grid, fixed under a microscope slide and photographed with a digital camera (Canon 500D EOS; macro lens: Canon EF 100 mm f/2.8 USM). Wing area and wing length were measured using the TpsDig2 software. Wing length was defined as the length from the costal end of the arculus to the tip of the wing and wing area covered the area between those points. Wing loading was calculated as dry body mass/wing area, and aspect ratio of the wing was calculated as wing length 2 /wing area (Hassall et al., 2008) .
ESTIMATING THE NUMBER OF DEGREE-DAYS AVAILABLE FOR LARVAL DEVELOPMENT
Time stress induced by shorter growth seasons may affect phenotypic traits in adults and thereby potentially generate differences between core and edge populations that are not caused by the range expansion process per se, but due to the assumed suboptimal conditions . Therefore, we also quantified the numbers of degree-days that were available for larval development in the breeding pond of each population. The number of degree-days reflects the length of the growth season and is known to determine larval life histories in Coenagrion larvae . The estimated larval degree-days for each population are presented in Figure 1 and their calculation is described in the Appendix.
STATISTICAL ANALYSES
Data were analysed using linear mixed models (SAS v. 9.3) . The effects of range expansion (Euclidian distance to the north-eastern historical range edge) and the effect of the length of the growth season (number of degree-days available for larval development) on PO activity, fat content, body mass, FMR, wing loading, and wing aspect ratio were analysed with linear regressions. Body mass was added in the analysis of PO activity to correct for the potential condition dependence of the immune function (Yang, Ruuhola & Rantala, 2007) and protein concentration of the haemolymph sample was added to correct for potential variation in the obtained haemolymph volume after flushing the thorax (Contreras-Garduño, Lanz-Mendoza & Córdoba-Aguilar, 2007) . Exoskeleton mass was added as a covariate when analysing fat content as the fat reserves increase with animal size. The analysis of body mass was performed twice, once without and once with size correction (the addition of the exoskeleton mass as covariate to the analysis) in order to obtain a size-independent measure for condition (Braune & Rolff, 2001) . Similarly, we performed an additional mass-independent analysis for wing loading by adding body mass as covariate to the analysis of wing loading.
We performed supplementary analyses for traits that were found to be associated with both the range expansion and the length of the growth season to evaluate specifically the contribution of the length of the growth season to the trait differentiation along the axis of range expansion. In these supplementary analyses we tested simultaneously the effects of the distance to the historical range edge and the numbers of degree-days that were available for larval development on these traits.
RESULTS
PHENOTYPIC DIFFERENTIATION ASSOCIATED WITH RANGE EXPANSION
Phenoloxidase activity was not associated with range expansion (distance to edge, Table 1A , Fig. 2A) . In contrast, all other traits that reflected body condition (fat content, body mass, and size-corrected body mass) decreased towards the expansion front (distance to edge, slope ± standard error (SE): fat content: −0.00126 ± 0.00019, body mass: −0.0071 ± 0.0010, size-corrected body mass: −0.00647 ± 0.00097; Table 1A , Fig. 2B-D) . The pattern of lower fat content, body mass, and size-corrected body mass along the axis of range expansion remained when population C2, which expressed the highest values for these traits (Fig. 2B-D) , was excluded from the analyses (distance to edge: fat content: F 1,95 = 12.82, P = 0.0005, −0.00064 ± 0.00018; body mass: F1,96 = 12.18, P = 0.0007, −0.00345 ± 0.00099; size-corrected body mass: F1,95 = 11.38, P = 0.0011, −0.00322 ± 0.00095). This finding indicates that the patterns are robust and not dependent on population C2.
Two of the four flight-related traits were associated with range expansion. Flight muscle ratio increased (slope ± SE: 0.000037 ± 0.000016) and wing loading decreased (slope ± SE: −0.000090 ± 0.000027) during range expansion (distance to edge, Table 1B , Fig. 3A , B). Wing loading covaried positively with body mass (Table 1B, slope ± 1 SE: 0.0178 ± 0.0014) and the negative association of wing loading with range expansion disappeared when correcting for body mass (Table 1B, Fig. 3C ). Wing aspect ratio was not associated with range expansion (Table 1B, Fig. 3D ).
PHENOTYPIC DIFFERENTIATION ASSOCIATED WITH THE LENGTH OF THE GROWTH SEASON
None of the traits reflecting body condition was associated with the number of degree-days available for Table 1 . Linear regressions testing for the effect of Euclidian distance to the historical species range edge of C. scitulum on (A) phenoloxidase (PO) activity, fat content, body mass, size-corrected body mass (B) flight muscle ratio, wing loading, mass-corrected wing loading, and wing aspect ratio. Phenoloxidase activity was corrected for body mass and protein concentration of the haemolymph sample; fat content was corrected for exoskeleton mass (A) Factor (Table 2A) . Flight muscle ratio and mass-corrected wing loading covaried positively with the length of the growth season (slope ± 1 SE: flight muscle ratio: 0.000054 ± 0.000026, masscorrected wing loading: 0.0172 ± 0.0011, Table 2B ). Wing loading and wing aspect ratio did not covary with the number of degree-days available for larval development (Table 2B) .
CONTRIBUTION OF THE LENGTH OF THE GROWTH SEASON TO TRAIT DIFFERENTIATION ASSOCIATED WITH RANGE EXPANSION
Only one trait, FMR, was associated with both range expansion and the number of larval degree-days available for larval development (Tables 1B, 2B ). The length of the growth season, however, did not explain the association of FMR with range expansion and the positive covariation between flight muscle ratio and range expansion even increased when corrected for the length of the growth season (distance to edge: F 1,114 = 31.35, P < 0.0001; slope ± 1 SE: 0.000109 ± 0.000020).
DISCUSSION
In line with insights that environmental conditions are suboptimal at the edge of the species ranges ; the lower values for fat content, body mass, and size-corrected body mass at the expansion front suggested that individuals in edge populations are in poorer body condition (Rolff & Joop, 2002) . The lower body condition of individuals at the expansion front, however, could not be explained by the length of the growth season in the core and edge populations. This result deviates from common garden rearing experiments on other univoltine damselflies (e.g. , in which a lower body mass in populations with a shorter growth season was linked to the incomplete compensation of a shorter growth season by faster growth (Blanckenhorn & Demont, 2004) . Possibly, other unmeasured local conditions such as food availability (Nylin & Gotthard, 1998; Stoks & Córdoba-Aguilar, 2012) were suboptimal at the expansion front resulting in de observed association of lower fat content and body mass with range expansion. Alternatively, the lower body condition at the expansion front may also be the result of higher energetic costs associated with dispersive traits (Bonte et al., 2012) .
Despite indications of both suboptimal local conditions and evolution for increased dispersal rates being at work in shaping phenotypes at the expansion front of the study species we could not detect differentiation in immune function. This finding may suggest that the effects of both mechanisms cancelled out when shaping this trait. Noteworthy, we did not investigate the phenotype of colonizers at the expansion front, instead we investigated their offspring and possibly suboptimal conditions at the range edge impaired immune function and parasite defence in animals developed at the range edge (Leung, Forbes & Baker, 2001; Briers, 2003; Yang et al., 2007) . When offsetting effects of local conditions by rearing animals of the study species in a common garden experiment under optimal rearing conditions (Therry et al., 2014) , we indeed found edge individuals to have a higher encapsulation response, which is the main defence against ectoparasitic water mites (Forbes, Muma & Smith, 1999) . In contrast to the encapsulation response, PO activity did not differ between core and edge populations (Therry et al., 2014) ; this finding may support the idea that PO activity is not always a reliable indicator of resistance against pathogens and parasites but rather an indication of host condition (González-Santoyo & Córdoba-Aguilar, 2012 ). Evolution to a higher immune function during range expansion can be expected as selection for a high investment in immune function to lower parasite load may take place through the negative effect of a high parasite load on dispersal ability (e.g. Nagel et al., 2010) .
Individuals at the expansion front had higher FMRs and lower wing loadings compared with core individuals, consistent with a scenario of evolution of a higher flight performance during range expansion. Noteworthy, a higher investment in flight muscles at the expansion front has been documented in C. scitulum when reared from the egg stage under common garden conditions (Therry et al., 2014) ; this finding suggests a genetic basis of the higher investment in flight muscles during range expansion in field-collected animals that we observed here. The thoracic muscle mass is a strong predictor of flight muscle power output in Odonata (Schilder & Marden, 2004 ) and a lower wing loading has been thought to decrease flight costs (Bowlin & Wikelski, 2008) . Flight-related trait values that indicate a better flight performance have been observed at expanding range edges of several poleward-moving insect species (reviewed in Hill et al., 2011) . This pattern is predicted by theoretical models as a result of selection whereby the best dispersers establish in sites with reduced competition, thereby maximising fitness relative to poor dispersers settling in dense populations (Travis & Dytham, 2002) . Additionally, due to spatial sorting in dispersal ability, only the best dispersers may end up at the expansion front (Shine et al., 2011) .
The higher FMRs, in populations with longer growth seasons, indicated that optimal thermal conditions during larval development may result in a higher flight ability. Such carry-over effects whereby conditions in the larval stage influence traits in adults are well documented in Odonata (reviewed in Stoks & Córdoba-Aguilar, 2012) . The lower FMR in populations with less degree-days available for larval development, may reflect a decreased investment in flight muscles under stressful conditions in the larval stage (Plaistow & Siva-Jothy, 1999) . Furthermore, we could exclude that the higher investment in flight muscles at the expansion front was a response to population-specific lengths of the growth season; correction for the length of the growth season even enhanced the positive association between range expansion and FMR. In contrast, we cannot exclude that the lower wing loading at the expansion front is shaped by other suboptimal conditions at the range edge, resulting in lower body mass and hence lower wing loadings. Indeed, wing loading covaried strongly with body mass and the covariation with range expansion disappeared when correcting for body mass.
In conclusion, the changes in flight morphology documented here suggest a higher flight ability in populations at the expansion front compared with core populations. This pattern was present despite indications of suboptimal environmental conditions at the expansion front. This finding suggests strong selection for dispersal ability during the range expansion of C. scitulum. The lower body condition at the expansion front probably reflects undetermined stressful conditions at the species range edge. Furthermore, the lower body condition at the expansion front may have counteracted the expression of the expected higher immune function in edge individuals. The interplay of evolutionary processes and local conditions on edge phenotypes documented here emphasizes the complexity of attempts to predict phenotype expression at expanding range fronts. Given that traits such as body condition, immune function, and dispersal ability at the expansion front may determine range limits and the dynamics of further range expansion (Briers, 2003; Lindström et al., 2013; Kubisch et al., 2014) , models need to incorporate this interplay of evolutionary processes that act during range expansion and effects of local conditions in order to arrive at robust predictions of future species distributions under global warming.
APPENDIX. ESTIMATING THE NUMBER OF DEGREE-DAYS AVAILABLE FOR LARVAL DEVELOPMENT
Time stress induced by shorter growth seasons may affect phenotypic traits in adults and thereby potentially generate differences between core and edge populations that are not caused by the range expansion process per se, but due to the assumed suboptimal conditions . Therefore, we also quantified the number of degree-days available for larval development in the breeding pond of each population. The number of degree-days reflects the length of the growth season and is known to determine larval life histories in Coenagrion larvae . We first estimated realistic water temperatures for all considered ponds by using the freshwater lake model Flake (Mironov, 2008; Lake Model Flake, 2009) and following methods described in Nilsson-Örtman PHENOTYPES AT THE EXPANSION FRONT 567 et al. (2012) . This model has been proven to be highly accurate in estimating water temperatures of real lakes (Balsamo et al., 2010; Vörös, Istvánovics & Weidinger, 2010) . The model must be parameterized by the mean lake depth and lake turbidity. These specific data were not measured in the considered ponds and we parameterized all ponds with an average depth of 1 m and turbidity of 0.4 m visibility that reflected the typical habitat of shallow and vegetation-rich ponds of Coenagrion scitulum larvae (De Knijf et al., 2006) . The coordinates of the ponds were added to the model. The model was further parameterized with atmospheric forcing data, which were extracted from the European Centre for Medium Range Weather Forecasting (ECMWF) ERA-Interim dataset (Simmons et al., 2007) and the standard wind fetch of the model was 20 m. The ECMWF ERAInterim dataset contains meteorological observations for a period of 12 years (from 1998 until 2009) with a resolution of 0.5 × 0.5 degrees grid. The following variables were extracted from the ERA-Interim dataset at 12 h interval over the 12 years and used in the Flake model: downward surface thermal radiation, downward surface solar radiation, U and V wind components at 10 m above sea level, dew point temperature at 2 m above sea level and air temperature at 2 m above sea level. For each year, the average number of degree-days above the threshold value for growth was calculated. The applied threshold value was 8°C, as temperate damselfly larvae go into diapause below this temperature . The average number of larval degree-days per population was calculated from the yearly averages and presented in Table A1 and Figure 1 (main manuscript). 
